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We report on terrylene-3,4:l l,12-bis(dicarboximide) (TDI) as electron acceptor for bulk-heterojunction solar cells using poly(3- 
hexyl thiophene) (P3HT) as complementary donor component. Enhanced absorption was observed in the blend compared to pure 
P3HT. As shown by the very efficient photoluminescence (PL) quenching, the generated excitons are collected at the interface 
between the donor and acceptor, where they separate into charges which we detect by photoinduced absorption and electron-spin 
resonance (ESR). Time-of-flight (TOP) photoconductivity measurements reveal a good electron mobility of 10^^ cm^V^'s^' in 
the blend. Nevertheless, the photocurrent in solar cells was found to be surprisingly low. Supported by the external quantum 
efficiency (EQE) spectrum as well as morphological studies by way of X-ray diffraction and atomic force microscopy, we explain 
our observation by the formation of a TDI hole blocking layer at the anode interface which prevents the efficiently generated charges 
to be extracted. 
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Bulk heterojunction solar cells belong to the most promising 
solutions to produce cheaper solar energy due to their low-cost 
solution processability.||Tl|2l Nevertheless, their efficiency and 
long-term stability require improvement. Moreover the com- 
plex mechanisms underlying the photovoltaic effect in those in- 
trinsically disordered materials are still poorly understood. For 
those reasons, the quest for new photoactive materials is still 
a topical issue. Furthermore, the study of systems differing 
from the reference ones is also a necessity to understand the 
specific properties that enable those reference systems to reach 
relatively good efficiencies. 

Since the first attempts of using conductive polymers to 
transform solar energy into electricity, f3\ many obstacles have 
already been overcome. The use of electron donor: acceptor 
heterojunctions enabled to split the primary photoexcitation, 
where charges are strongly bound to each other, into sepa- 
rated polarons. The difficulty of solution-processing bilayers 
was avoided by the use of self-organising blends — so called 
bulk heterojunctions, such as poly(phenylene vinylene): [6,6]- 
phenyl-Cfii butyric acid methyl ester (PPV:PCBM) — enabling 
for the first time in the 90's to reach the percent efficiency with 
solution processed devices. f4l And the tendency went on in the 
2000's with the emergence of more stable polymers with an 
important crystalinity such as poly(3-hexyl thiophene), whose 
blend with [6,6]-phenyl-C6i butyric acid methyl ester (PCBM) 
is still a reference composite. |,5J 
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Additionally to the two afore-mentioned materials, a vari- 
ety of polymer electron donors have been used to produce 
high performance solar cells. ||6l |2l [U In contrast, only a few 
efficient alternatives to fullerene derivatives as electron ac- 
ceptor have been reported. Those alternatives being mainly 
inorganic — such as ZnO nanocrystals ||9l — or polymeric 
fTO], although conjugated molecules such as perylene-3,4:9,10- 
bis(dicarboximide) have been long known for their good elec- 
tron accepting propertie s . ifTTI [T2ll 

Why fullerene based cells are performing better than the 
ones using other acceptors is still an open question. In or- 
der to understand better this singularity, a molecule of the 
rylene-bis(dicarboximide) family: a terrylene diimide (TDI) 
was studied extensively in blend with P3HT. For compari- 
son purposes we carried out additional studies on blends of 
perylene diimide (PDI) with P3HT as well as blends of TDI 
with poly[2-methoxy-5-(2-ethylhexyloxy)-p-phenylene viny- 
lene] (MEH-PPV). The molecules of PDI and TDI used in this 
work are represented in Fig. [T] Both have electron affinities — 
related to their lowest unoccupied molecular orbital (LUMO) 
— of 3.7 eV (determined from cyclovoltametry spectra pre- 
sented by Lee et a. |13| using the method presented by Pron 
et al. 1 14]), making them potential acceptors for higher energy 
electrons from P3HT (LUMO = - 3.3 eV). Their synthesis has 
already been presented elsewhere. ifTSl 

The photocurrent generation in bulk heterojunctions is a 
complex mechanism involving several steps. Each of them re- 
quires separated study to reach a proper understanding of the 
material's behavior |5| (a) Light absorption generates excitons 
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Figure 1: Chemical structure of tlie materials. 



that need to (b) diffuse to the heterojunction interface where 
they are (c) dissociated into charges separated between the two 
phases. Those charges have to be subsequently (d) transported 
through their respective material to finally (e) reach an elec- 
trode and be extracted. Those steps were systematically mon- 
itored using the following methods: (a) thin film optical ab- 
sorption measurements, (b) quenching of the excitons photo- 
luminescence, (c) photo-induced absorption and electron-spin 
resonance spectroscopies, (d) time-of-flight transport measure- 
ments. Finally, solar cells were built, providing indication about 
step (e) by measuring current voltage characteristics and exter- 
nal quantum efficiency spectra. Furthermore the morphology 
of the blend was investigated by scanning electron microscopy 
for the surface and X-ray diffraction for the bulk. 

1. Experimental methods 

The rylenes used were synthesized by a method presented 
previously. ifTel We used P3HT 4002E from Rieke Metals which 
has a regioregularity between 90 and 93 %. MEH-PPV was 
purchased from Sigma Aldrich. PCgoBM used for reference 
P3HT:PCBM blends was purchased from Solenne. Except oth- 
erwise stated, samples were processed from 15 mg/ml solutions 
in chloroform. 

Films for optical measurements (absorption, photo-induced 
absorption and photoluminescence) were spincoated at 
1000 rpm for 20 seconds on sapphire substrates. Remaining 
excess dissolved material and solvent were spinned away by a 
second 10 s step at 3000 rpm. The samples were then placed on 
a hot plate at 120 °C for 10 minutes annealing. This treatment 
enables the P3HT self-organisation ifTTI and was also applied 
to samples without P3HT for comparability. 

UV-vis absorption spectra were recorded with a Perkin Elmer 
Lambda 900 spectrometer at room temperature. X-ray diffrac- 
tion measurements were carried out using a Philips PW 1729 



X-ray generator Scanning electron microscopy (SEM) mea- 
surements were carried out using a ZEISS ULTRA plus scan- 
ning electron microscope. 

The photoinduced absoption spectra were recorded using a 
photomodulation technique: a transmission spectrum of the 
sample was realized using a Xenon lamp and a monochromator 
while the sample is photo-excited by a chopped cw laser. As ex- 
citation source, we used the 514 nm emission of a Melles Griot 
Ar+ cw laser at a power after mechanical chopping of 30 mW. 
Excitation and probe lights were focussed onto the same point 
of the sample. The transmitted light was collected by large di- 
ameter concave mirrors and focussed into the entrance slit of 
a cornerstone monochromator The use of 2 photodiodes (sili- 
con diode from 550 to 1030 nm and liquid nitrogen-cooled InSb 
diode from 1030 nm to 5500 nm) enabled us to access a wide 
range of energies from 0.23 to 2.25 eV (550 to 5500 nm). The 
signals were recorded with a standard phase sensitive technique 
synchronised with the chopping frequency of the laser by using 
Signal Recovery 7265 DSP Lock-In amplifier The chopping 
frequency used was 330 Hz for spectral studies, low enough to 
see most of the signal and high enough to gain a good signal to 
noise ratio. The spectrum is then calculated with equation[T] 

-AT PIAPL,{X)^PL,iX) 

— (X) = Y{X) 

PIAPLx is the in-phase value measured by the lock-in, PL^ is 
the in-phase value under photoluminescence conditions (with- 
out probe light) and T is the transmitted signal without excita- 
tion (by modulating the white light). The phase is set to zero un- 
der luminescence conditions because the extremely short life- 
time of fluorescing species prevents lifetime related phase shift, 
thus enabling us to know and compensate the phase shift caused 
by the measuring system alone. Photoluminescence measure- 
ments were carried out using the same setup as for photo- 
induced absorption. 

ESR (modified Bruker 200D) was applied to verify the pres- 
ence of spin carrying polarons. The sample was placed in a res- 
onant cavity and cooled with a continuous flow helium cryostat, 
allowing a temperature range from 10 K to room temperature. 
The microwave absorption was measured by using lock-in, with 
modulation of the external magnetic field as reference. For the 
excitation, a white light halogen lamp guided to the microwave 
cavity was used. The g-factor of ESR signals was calibrated for 
every measurement with a Bruker 035 M NMR-Gaussmeter and 
an EIP 28b frequency counter Details about the technique can 
be found elsewhere. [18, jL9J The ESR samples were dropcast 
films from 200 iil solution prepared inside a nitrogen glovebox. 
The resulting films were rolled up and put inside a ESR sam- 
ple tubes. All samples were annealed afterwards for 10 min at 
120 °C. 

We processed solar cells by depositing the active layer on 
Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PE- 
DOT:PSS) covered indium tin oxide (ITO)/glass substrates. 
The active layer was spin-coated as afore-mentioned. The evap- 
orated cathode was a Ca/Al (3/100 nm) for the solar cells and 
the active area was 0.5 cm^. For current-voltage characteri- 
zation we used a 300 W Xenon lamp for illumination. The 
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Figure 2: Absorption spectra of pristine P3HT tliin film (O). pristine TDI thin 
film (A) and 3:1 P3HT:TDI blend (continuous line) together with the AM1.5 
solar spectrum (dotted line, right axis). 



intensity was adjusted to 100 mWcm^^. 

In TOF measurements we used a solar-cell like structure with 
a thicker active layer. The thickness of the films combined with 
the high absorption coefficient of the material used enables that 
a pulse of light generates excitons in the neighborhood of one 
of the electrodes and not in the bulk. The combined action of 
the field and the electrode separate charges and extract one type 
immediately after excitation whereas the other type of carrier 
drifts towards other electrode and reaches it after a transit time 
which can be related to the mobility by the following equation: 



(2) 



where f,r is the transit time, d the thickness, E the appUed field, 
and /J the mobility of the studied charges. We processed films 
with thickness of around 2 /jm resulting in applied fields in the 
order of 10^ Vm^'. More detail about this experiment can be 
found elsewhere.! 



2. Experimental results 

2.1. Charge generation 

As shown in Fig. |2] the absorption spectra of TDI extends 
the one of P3HT. In contrast the absorption of PDI occurs in the 
spectral same region as the one of P3HT with main absorption 
peak between 530 and 535 nm. ifTSi We thus focus our study 
on TDI and use PDI mainly for comparison. We expect both 
molecules to have the same ability to attract the electrons from 
associated polymer, because they have the same LUMO level. 
Various blend ratios were tested, weight ratio for P3HT:TDI 
between 3:1 and 4:1 appeared to give the best results regarding 
photoluminescence quenching and PIA signal intensity as well 
as solar cells efficiency. The absorption spectrum of a 3:1 blend 
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Figure 3: Sum of photoluminescences of P3HT and TDI in a 4:1 ratio (see 
Eq.|3| (+), actual photoluminescence spectrum of the blend (dotted line) and 
photoluminescence spectra of the pristine materials (P3HT: Q, TDI: A). The 
curves represented here were measured at 30 K, temperatures up to 300K give 
quite similar results in terms of quenching. 



is shown in Fig. |2] it corresponds to the superposition of the 
pristine materials absorptions. 

PL spectra of pristine P3HT, TDI and P3HT:TDI (ratio 4:1) 
blend films were recorded. Both pristine materials show charac- 
teristic PL (see inset to Fig. |3]l. In order to better visualize the 
quenching contribution, we calculated the photoluminescence 
that a 4: 1 P3HT:TDI blend would have in the absence of this 
quenching, according to the following expression: 

PL,,,,, (^) - ^ X PLp^HT + ^ X PLtdi (^) (3) 

where PLpT,fjj is the PL of the pure P3HT and PLjoi the one of 
pure TDI. This PL is shown in solid line in Fig. [3] In contrast to 
the pristine materials, the blend exhibited very weak lumines- 
cence, the magnitude of the highest peak being only 1.7% of 
the calculated one. As a comparison, we obtained 4.1% resid- 
ual luminescence with a P3HT:PCBM 1 : 1 blend under the same 
conditions (see table[T]i. 

This luminescence quenching suggests that most of the pri- 
mary photo-generated excitons are converted into non-emitting 
excited species before they radiatively recombine, which was 
reported to occur within 1 ns after excitation in pure P3HT. 11211 
Moreover the shape of the remaining luminescence roughly cor- 
responds to the calculated one which indicates that the primary 
excited species are indeed the same ones as in the pristine ma- 
terials. Nevertheless, one can notice that the peak at 680 nm 
which corresponds exclusively to PL from P3HT (see inset to 
Fig. |3]l is more quenched than the peaks in the spectral region 
where both materials are luminescing. This implies that P3HT 
excitons are a bit more efficiently quenched than TDI excitons. 
This difference can be explained in terms of charge affinity of 
the two materials if we consider — as will be shown below 



3 



(a) 



Wavelength [nm] 

6000 2000 1000 800 
1.5 

1.0 



g-f actor 
2.004 2.002 



^ 0.5 
< 0.0 



(b) 



-0.5 - 

-1.0 - 
3 I- 




I- 

< 





30K 




80K 


T = 


120K 


T = 


180K 


T = 


240K 




298K 




2 - 



-1 - 



0.5 1.0 1.5 2.0 
E [eV] 

Figure 4: (colors online) (a) Photoinduced absorption spectra of a P3HT:TDI 
blend at various temperatures (continuous lines) and P3HT:PCBM blend at 30K 
(dotted line), (b) Photoinduced absorption spectra of a MEH-PPV:TDI blend at 
various temperatures. 



— that this PL quenching is due to exciton dissociation into 
charges at the heterointerface. In case of P3HT excitons, the 
electron is attracted by the very electronegative TDI molecule 
as expected from the significant LUMO offset. In contrast, 
TDI excitons would be dissociated by the hole transfer into 
the P3HT, which is a bit less favorable, as expected from the 
lower HOMO offset between both materials (table [TJ. Another 
possible reason would be that excitons in P3HT can reach the 
heterojunction interface more easily than those in TDI, either 
because of superior exciton diffusion coefficient or lower aver- 
age distance to travel. 

Further insight of the fate of those excitons can be ob- 
tained by studying the photo-induced absorption spectrum of 
the P3HT:TDI blend, which is shown in Fig. |4^. This fig- 
ure clearly exhibits the characteristic absorption for P3HT lo- 
calised (PI and P2) and de localised (DP2) polarons as reported 
by Osterbacka et al. ll22l l23l Those peaks can also be seen in 
other blends involving the formation of P3HT polarons such as 
P3HT:PCBM (dotted line shown for comparison). 

In addition to those P3HT features are the 0.91 eV, 1.17 eV 
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Figure 5: Normalized ESR spectra of P3HT blended with TDI, PDI and PCBM 
measured at 100 K with a microwave power of 20 mW and white light illumi- 
nation. The inset shows the microwave saturation behavior of the peak-to-peak 
signal intensity of the P3HT:TDI blend. 



and 1.33 eV peaks. Similar peaks, though blue shifted by 
0.4 eV, were akeady mentioned for PDI [24*1 and attributed 
to PDI negative radical anions (0.4 eV is also difference be- 
tween the HOMO-LUMO gaps of TDI and PDI respectively, 
the same blue-shift can also be found in absorptions and 
photoluminescence).|15 | The position of those peaks appeared 
to be quite stable with temperature, as well as by varying the 
donor: acceptor ratio or the donor We also observed them at the 
same position when using MEH-PPV as a donor (see Fig. |4|5). 
For all those reasons, we attribute those peaks to TDI anions. 

Those features, characteristic for charged species, are a 
strong indication that the initially generated excitons are effi- 
ciently separated into positive P3HT polarons and negative TDI 
anions. An additional indication is given by the absence of the 
peak at 1 .05 e V. This peak is a very clear feature in pure P3HT 
(not shown) and has been ascribed to neutral excited species in 
pure P3HT; ll22l l23l l25l it is totally missing in blends. 

Those spectra also confirm that absorption indeed occurs in 
both materials as seen by the P3HT photobleaching from 1 .9 to 
2.2 eV (also seen in P3HT:PCBM) and one negative peak that 
we attribute to TDI photobleaching at 1.78 eV (corresponding 
to the maximum of the second absorption peak of TDI). 

Fig. [5] shows the ESR measurements which confirmed the 
presence of photoinduced charges in blends of TDI or PDI with 
P3HT. A single ESR line was observed, which exhibited reso- 
nance features such as g-factor, linewidth and saturation under 
high microwave power conditions (inset in Fig. |5]l quite typi- 
cal for positive P3HT polarons as in P3HT:PCBM blends |19i . 
However no signal of the negative TDI or PDI polaron was de- 
tected. We assume that this signal might have similar resonance 
features as the P3HT polaron and is superimposed by the more 
intense P3HT polaron spectrum. The relative signal intensities 
for blends of P3HT blended with TDI, PDI and PCBM were 
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Figure 6: Current-voltage characteristics of a P3HT:TDI solar cell with 0.5 cm^ 
active area in dark and under halogen lamp 100 mWcm"^ illumination repre- 
sented on linear (left axis, continuous lines) and logarithmic (right axis, dotted 
line) current scale. 
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Figure 7: EQE spectrum of 4:1 P3HT:TDI blend (continuous line, left axis), 
normalised absorption spectra of pristine P3HT thin film (Q) and pristine TDI 
thin film (A) 



measured and are shown in Table 1 . 



2.2. Solar cells 

Using the P3HT:TDI blend as an active layer, we were able 
to produce diodes. Nevertheless the photovoltaic response of 
the devices remained quite below our expectations. A typical 
current voltage characteristic is shown in Fig. |6] The open 
circuit voltage remained comparable to what can be observed 
in P3HT:PCBM cells (see Table [T]i, but the photocurrent was 
very low which contrasts quite strongly with the rather efficient 
charge generation observed. Additionally the photocurrent is 
exponentially increasing when getting away from the open cir- 
cuit voltage, which results in a low fill factor and suggests a 
field dependent generation, and is here again in contrast with 
the afore mentioned good charge generation properties. 

The EQE spectrum of those solar cells is shown in Fig. |7] 
It reveals that the charges generated at 500 nm (as shown by 
the PIA and ESR measurements) — and more generally in the 
spectral region where mainly P3HT is absorbing — are not well 
extracted. In contrast in the regions where mainly or even only 
TDI is absorbing (above 680 nm), the EQE is higher. Indeed the 
EQE spectrum looks quite similar to the absorption spectrum 
of pure TDI with a distortion in favour of the UV region. This 
overweighting of the UV-regions could be due to the fact that 
photons of the UV region could generate excitons with enough 
thermal energy to overcome their binding energy and split into 
charges even without the assistance of an heterojunction similar 
to what occurs in pure P3HT diodes with photons of energy 
over 2.6 eV. 123 

2.3. Influence of the energy levels 

To study the influence of charge generation and separation 
we reproduced the experiments changing one of the compo- 
nent of the blend in order to increase the offset between the 
HOMO levels of the two components of the blend. This off- 
set is indeed rather small in the P3HT:TDI blend which might 



leave some possibilities of energy transfer from P3HT to TDI 
which has a smaller band gap. Such a change should also in- 
crease the driving force for charge separation. Nevertheless it 
should be noted that none of the photoluminescence measure- 
ments revealed the occurrence of such energy transfer which 
should have caused enhanced TDI luminescence in the blend. 
To increase the HOMO offset, two approaches were consid- 
ered: using an electron donor with higher HOMO level in 
a MEH-PPV:TDI blend, and using an electron acceptor with 
lower HOMO level in a P3HT:PDI blend (see HOMO offsets in 
Table [T]). The blends were studied in following ratios: 2:1 for 
MEH-PPV:TDI and 3:1 for P3HT:PDI. Although PIA measure- 
ments are not quantitatively comparable from one spectrum to 
the next, general trends can be extracted from them. 

The results for these studies are summarized in Table[T] Both 
blends exhibited very good harvesting of the primary excitons, 
characterized by a high quenching of the materials photolumi- 
nescence. In the MEH-PPV:TDI blend, the remaining photo- 
luminescence was even below the limits of detection except at 
the lowest temperature (30 K), though pristine MEH-PPV has 
the strongest luminescence of the studied materials. The charge 
generation measurements (PIA and ESR) and current-voltage 
characteristics revealed an absence of correlation between the 
photophysical characteristics and device performances. Indeed, 
although the use of PDI instead of TDI results in a clear en- 
hancement of charge generation (see Table. [T|, both P3HT:PDI 
and P3HT:TDI based solar cells exhibit a very similar perfor- 
mance, which is a good indication of a process preventing the 
charges from being extracted, independently of their concen- 
tration. In contrast, the MEH-PPV: TDI blend which exhibits 
smaller PI peak (see Fig. |4|5) enabled us to process solar cells 
with a short circuit current one order of magnitude higher than 
the P3HT:rylene blends. 
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Table 1 : Summary of the blends performances 



Energy levels [eV]" Excit. harvest. Charge separat. Solar cells 



blend 


ratio 


AHOMO 


ALUMO 


PL quench. 


PIA^ 


ESR^' 


Vo[V] 


jsc [niA/cn?] 


fill fact. 


efficiency 


P3HT:TDI 


4:1 


0.4 


0.2 


w98% 


1 


1 


0.39 


1.6 xlO-2 


33% 


1.0 xlO-^% 


P3HT:PDI 


3:1 


0.4 


0.5 


«97% 


«8.8 


2-3 


0.39 


2.3 xlO-2 


25% 


1.4 xlO-^% 


PPV:TDI 


2:1 


0.8 


0.4 


>99% 


w 1.5 


NA 


0.74 


0.12 


26% 


1.6 xlO-2% 


P3HT:PCBM^ 


1:1 


0.4 


0.9 


w96% 


w5 


w 10 


0.62 


10.33 


57% 


3.63% 



" Calculated from cyclovoltametry measurements shown in |13J using the method presented in 1 14| plus data from 1261 and Q * Ratio providing the best efficiencies 

integrated PI peak at room temperature, normalized to the PI peak of the P3HT:TDI blend '' Integrated ESR signal, relatively to P3HT:TD1, at lOOK Samples prepared 
from chlorobenzene solution 



2.4. Charge transport properties in the P3HT:TDI blend 

Possible intrinsic limitations regarding electron transport in 
TDI were investigated by time-of-flight photoconductivity mea- 
surements. Due to excessive roughness of pristine TDI films, 
no working device could be processed from them. Measure- 
ments were thus carried out on P3HT:TDI blends. They re- 
vealed an electron mobility between 1.07x10^^ cm^s~'V~' 
and 2.37 x 10^^ cm^s^' V^' (fig.JSa) for electric fields ranging 
from 3.3x10^ Vm"' to 4.0x 10^''m"^. This value is neai'ly 
one order of magnitude larger than our measurements of the 
electron mobility with the same method in pristine P3HT and 
comparable to the electron mobilities obtained in P3HT:PCBM 
with excess of PCBM. ll20l We therefore attribute it to electron 
transport through TDI. 

The hole mobility on the same sample was found to range 
from 2.95x10-5 cm^s-'V-^ to 6.92x10"^ cm^s-^V-' for 
fields between 6.7x10^ Vm^^ and 3.3x10^ Vm^^ As repre- 
sented in Fig. [HJi, this is one order of magnitude lower than in 
pure P3HT. This is expected in blends compared to pure sam- 
ples as a percolated pathway is longer than a straightforward 
way in a bulk, we therefore attribute this mobility to holes trans- 
ported in P3HT. Such decrease has also been observed when 
blending P3HT with PCBM although less importantll20l. which 
suggest a less favourable morphology in the P3HT:TDI blend 
than in P3HT:PCBM. 

2.5. Morphology of the PSHT. TDI blend 

X-ray diffraction pattern revealed in the bulk of the 
P3HT:TDI 3:1 sample the same feature as in the typical stacked 
layer of pure P3HT with a characteristic distance in the (100) 

o o 

direction of A,/2sin(9) — 17.1 A comparable to 16.8 A found in 
previous works (see fig.|9]l. |28| This feature reveals an undis- 
turbed P3HT-lamellae formation which is an indication of the 
presence of a pure P3HT phase in the blend. 

Scanning electron microscopy performed on pristine TDI as 
well as P3HT:TDI 1:1 and 4:1 blends is represented in Fig. 10 
The images are consistent with the afore-mentioned phase sep- 
aration as they exhibit two very different kind of structures. 
Needle-like structures are present in the pure TDI as well as 
in the blends and were already observed in PDI.f29^ '30l Their 
size is decreasing with the ratio of TDI. We therefore attribute 
those needles to pure TDI phases. Between the needles: a flat 
surface, the level of which is increasing with the ratio of P3HT 



to finally leave just a few needles emerge in the 4: 1 ratio. We 
attribute this feature to the P3HT phase. It should be noted that 
the proportion of TDI visible at the surface of the 4: 1 sample is 
much lower than 20 %, suggesting a non homogeneous distri- 
bution of the materials. Finally a third kind of feature has to be 
mentioned: pure TDI also forms a flat surface on the substrate 
which differs from the P3HT surface by its larger roughness. 
Although it can be observed only in the pure TDI film, this 
layer could also be present in the P3HT:TDI under the P3HT. 

Those images also make clear why a ratio of at least 3:1 is 
necessary to obtain good photophysical properties. In the 1:1 
ratio, a big part of the TDI needles are not covered by the P3HT 
phase, thus making it impossible for the TDI excitons to reach 
a donor: acceptor interface, resulting in a strong remaining TDI 
photoluminescence in case of a 1 : 1 ratio (not shown). It also ex- 
plains the problem of making devices using pure material where 
needles height typically reaches several hundred nanometers, 
which is an obstacle to the evaporation of an electrode as thin 
as 50 nm required for time of flight measurements. 



3. Discussion 

The most remarkable observation resulting from our studies 
is the mismatch between the very good properties of terrylene- 
3,4:1 l,12-bis(dicarboximide) as electron acceptor and electron 
transporter in P3HT:TDI blends and the poor performances of 
the solar cells processed from the same blend. Photo-induced 
absorption and electron spin resonance measurement concomi- 
tantly show that illuminating a P3HT:TDI blend with a 500 nm 
light results in the generation of separated charges. 

Although the charge generation at 500 nm is still lower than 
the one of P3HT:PCBM blend, this lower generation at a given 
wavelength should be partly compensated in a solar cell based 
on P3HT:TDI blend by the absorption over a larger region of the 
solar spectrum. Moreover, replacing TDI by the identically sub- 
stituted PDI showed that the amount of generated charges could 
not be responsible for the low device performances. Indeed, 
by using PDI the amount of charges generated at 500 nm was 
multiplied by a factor between two and nine as proven by ESR 
and PIA measurements, although the solar cells performances 
remained similar showing the existence of a factor preventing 
those charges from being extracted of the device, independently 
of their concentration. 
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Figure 8: (Color online) (a) Electron and (b) hole current transients for the 
pristine P3HT and P3HT:TDI 4: 1 blend. The time scale has been normalised 
to the thickness of the sample, the arrow thus represents the transit times t,r 
divided by the films thicknesses, which is to say the time required by charges 
to travel 1 fjm. 



Another considered limitation is the intrinsic abihty of 
charges to move in this material. Literature mentions crystalline 
PDI with local mobility as high as 0.2 cm^V^'s^'.|[Ji | Time of 
flight measurements carried out in our blends revealed an elec- 
tron mobility quite comparable to the one of PCBM, thus not 
being a limitation factor able to explain the very low current 
observed in our devices. 

The origin of the low performance lies in the morphology of 
the blend. XRD measurements and SEM images give an indica- 
tion that phase separation indeed occurs. The size of the phases 
does not seem to be an obstacle either, as we would not ex- 
pect a good photoluminescence quenching in case of phases too 
big for the exciton diffusion length. On the opposite, too small 
phases would result in even better photoluminescence quench- 
ing such as the one we observe in MEH-PPV:TDI blend. Re- 
cent work li32J suggests that too little phase separation could 
be an obstacle for charge separation resulting in lower PIA sig- 
nal, which was also observed in MEH-PPV:TDI (see Fig |4]i. 
In spite of this, the efficiency is still higher in MEH-PPV:TDI 
solar cells. This suggests that in contrast with MEH-PPV:TDI 
solar cells where the efficiency could be limited by a factor such 
as the phase size, in P3HT:TDI cells, charge extraction is pre- 
vented by another factor. 

The EQE spectrum of P3HT:TDI shows that very little 
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Figure 9: X-ray diffraction by a P3HT:TDI 3:1 (continuous line) sample and 
pristine P3HT reference in dotted line. 



photocurrent is originating from the P3HT absorbing regions, 
where the maximum of the EQE would be expected by compar- 
ison with P3HT:PCBM cells. We know that charges are gener- 
ated in that spectral region because that is where the samples are 
excited in the PIA experiment. We propose that a thin pure TDI 
layer — similar to the ones observed on pure TDI samples — 
could be formed close to the substrate in the P3HT:TDI blend. 
This layer could efficiently prevent the holes in P3HT from 
reaching the anode. This assumption is consistent with the ob- 
servation of a TDI layer on the substrate by SEM imageing of 
the pure TDI sample. This layer could also be present in the 
blend, even if not observable because lying under the P3HT. 

The higher quantum efficiency in the spectral regions where 
only TDI absorbs can be explained by pristine material pho- 
tovoltaic effect: the hot excitons are generated, separated and 
extracted within the TDI phase without the assistance of P3HT 
due to thermally assisted dissociation and the energetic disorder 
inherent to organic semiconductors. This is consistent with the 
SEM measurements that revealed that some TDI needles can 
reach the surface of the blend, thus being in contact with the 
anode. Photoluminescence studies also demonstrated that the 
contribution of TDI in the remaining luminescence in the blend 
is higher than the one of P3HT, proving that some excitons can 
remain in the TDI phase long enough for recombination to oc- 
cur. 

To evaluate the magnitude that charge dissociation can reach 
in a pure material, we processed pure P3HT solar cells. The 
EQE of those cells reached a maximum of 4.3x10^^, similar 
to the P3HT:TDI solar cells whose EQE reaches a maximum of 
3.7x10^^. Another interesting point is the shape of the EQE 
spectrum: in contrast to a system in which the charge separa- 
tion would be driven mainly by the heterojunction, the highest 
energy peaks are quite overweighted relatively to the absorp- 
tion, which is a sign that the driving energy for charge sepa- 
ration could be the over-absorption-gap energy of the incident 
photons (see also ||27]| ). 
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Figure 10: (color online) SEM picture of following materials spincoated on 
sapphire substrates: pure TDl (a) and P3HT:TDI blends with ratio 1:1 (b) and 
4:1 (c). The size of the needles is visibly decreasing when increasing the ratio 
of P3HT. The cracks visible on the 4: 1 blend are due to a thin layer of gold 
deposited on the organic layer for imaging. Schematics in the inset represent 
the possible bulk structures with blue representing TDl, fuchsia representing 
P3HT. 



This hypothesis is also in agreement with the low hole mo- 
bility observed in the P3HT:TDI sample. Indeed, in a TOF ex- 
periment, all the countercharges are immediately extracted. In 
a solar cells, holes would probably recombine when reaching 
the electron-rich TDl layer In the TOF experiment this recom- 
bination can not occur, holes are thus eventually extracted but 
the necessity to cross the TDl layer before reaching the anode 
makes it much slower. 

A last indication of the formation of this TDl layer was ob- 
tained by the processing of a bilayer solar cell in which a layer 
of P3HT was deposited under a layer of TDl thanks to the use 
of 2 different solvents (chlorobenzene and dichloromethane, re- 
spectively). Those cells enabled a much higher open circuit 
voltage (550mV), possibly indicating the open-circuit voltage 
is limited by space charge in the bulk-he teroj unction cells. Nev- 
ertheless, due to intrinsic limitation of bilayers (rather poor 



charge generation), this structure did not notably allow for a 
better efficiency than the bulk heterojunction. We suggest that 
this problem could be solved by the use of devices with inverted 
structure (anode as top electrode). 

A possible reason why this phenomenon does not appear in 
MEH-PPV:TDI solar cell is that in contrast with MEH-PPV, re- 
gio regular P3HT has a crystalline structure. Because of this 
tendency to crystallize, both P3HT and TDl crystallisations are 
in competition thus applying some mechanical constraints on 
each other which may push some TDl under the P3HT contain- 
ing part until forming this hole blocking layer. Another pos- 
sibility is that MEH-PPV and TDl do not have fully separated 
phases, which would explain the low yield of charge generation 
observed. 

4. Conclusion 

In TDl, we found an organic material exhibiting very inter- 
esting properties regarding its use as electron acceptor in blend 
with P3HT. Good charge generation and transport together with 
an absorption band complementary to the one of P3HT were 
demonstrated, promising good photovoltaic properties to the 
P3HT:TDI blend. Nevertheless, the solar cells produced us- 
ing this blend as active layer resulted in low performances. In 
agreement with our morphology investigations, we present two 
explanations. In the case of MEH-PPV: TDl, we propose that 
the photocurrent is severely limited by the too small phase sep- 
aration. In P3HT:TDI solar cells, the formation of a thin pure 
TDl layer along the ITO electrode seems prevent hole extrac- 
tion. Recent work by Kamm et al. |33| on PDI derivatives 
showed that replacing N-subsituted by core-substituted rylene 
derivatives in blends with P3HT enabled to prevent rylenes ag- 
gregation and improve solar cell performances. As a result one 
could expect that core-substituted TDl derivative also exhibit a 
morphology more compatible with solar cell applications, thus 
enabling the very good potential of those acceptors to be used 
in good performing solar cells collecting a wider range of the 
solar spectra. 
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